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Abstract 
‘Fatigue Ratcheting’ is a phenomenon which leads to reduction in fatigue life of a structural component by loss of ductility due to 
cycle-by-cycle accumulation of plastic strain.  One real-life example of a situation with fatigue ratcheting possibility is piping of 
power plants subjected to internal pressure (primary load) and cyclic bending (secondary load).  Fatigue ratcheting studies were
carried out on TP304 LN stainless steel straight pipes of 168 mm outer diameter subjected to steady internal pressure and four 
point cyclic bending.  The length and average thickness of the pipes were 2800 mm and 15 mm respectively.  The thickness was 
reduced to 12 mm in the gauge length portion of 200 mm at the centre of the pipe.  Post-yield two element rosette strain gauges 
were mounted at various locations within the gauge length to measure the longitudinal and circumferential strains.  The pipes 
were filled with water and pressurized; the pressure was maintained at 35 MPa till the first through-thickness crack was observed.  
Cyclic bending load was applied on the pipes by subjecting them to different levels of load-line displacements.  Number of cycles 
corresponding to through-thickness crack/s and final failure of the component were recorded.  During the tests, load, load-line
displacement and deflections at three locations were continuously monitored.  Local bulging, ovalization and consequent thinning
of the pipe cross-section were observed due to fatigue ratcheting.  These ratcheting studies on pressurized piping components of
power plants give valuable inputs necessary for designing the components and assuring the integrity of pressure boundary under 
design basis loads such as loads arising during an earthquake event.   
Keywords: Fatigue ratcheting; Ratcheting; TP304 LN stainless steel; Straight pipe; Internal pressure; Cyclic bending load; Ratcheting strain; 
Through-thickness crack; Ballooning; Ovalization 
1. Introduction 
Fatigue ratcheting or ratcheting phenomenon is defined as cycle-by-cycle accumulation of plastic strain on 
application of cyclic load characterized by constant stress amplitude with a nonzero mean stress.  Ratcheting occurs 
when a structure is subjected to cyclic loading, if the mean strain (arithmetic mean of maximum and minimum 
strains during one loading cycle) changes during any one loading cycle at at least one point of the structure with 
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respect to the mean strain induced during the preceding cycle due to inelastic material behaviour.  Ratcheting can 
reduce the fatigue life or can cause failure of the piping components or systems subjected to seismic or other cyclic 
loads.  Ratcheting phenomenon can be categorized either as material ratcheting or as structural ratcheting.  Material 
ratcheting is a form of ratcheting which can occur in the absence of structural effects, i.e., if the stress is distributed 
homogeneously in a structure, and is thus a purely material-related effect which can be observed in material tests.  
Material ratcheting depends on a number of factors such as mean stress, stress amplitude, frequency, loading history 
and micro-structural characteristics.  On the other hand, structural ratcheting can occur owing to inelastic material 
behaviour under cyclic loading even if there is no material ratcheting.  This type of ratcheting is actually produced 
by the inhomogeneity of the state of stress in a structure.  Different ratcheting phenomena have been summarized by 
Hubel [1].  Xia et al. [2] studied the effect of tensile mean stress with or without ratcheting strain on fatigue life of 
SA 516 Gr. 70 steel.  The term ‘ratcheting strain’ refers to the total accumulated strain during cyclic loading which 
would eventually lead to ratcheting.  It was observed that both tensile mean stress and ratcheting strain have 
detrimental effects on the fatigue life of materials.  The cyclic strain characteristics, ratcheting and failure behaviour 
of SS304 stainless steel were experimentally studied under uniaxial cyclic tests by Kang et al. [3].  They discussed 
the effects of stress amplitude and mean stress on ratcheting and failure under uniaxial asymmetrical stress cycling.  
It was concluded that the material apparently featured cyclic hardening; cyclic hardening depends greatly on strain 
amplitude.  It was also observed that the ratcheting strain rate (i.e., the increment of ratcheting strain in each cycle) 
decreases gradually with the number of cycles due to its cyclic hardening feature. 
The integrity of the piping components used in Primary Heat Transport (PHT) system is very essential for safe 
and reliable operation of nuclear power plants.  These pressurized piping may encounter ratcheting under cyclic 
thermal stress induced from cyclic temperature or under cyclic bending initiated from seismic or other cyclic loading 
resulting in cyclic compression and extension [4].  The ratcheting boundary is an essential criterion for piping design 
such as that in nuclear industries.  Yoshida et al. [5] studied mechanical ratcheting in a carbon steel pipe under 
combined cyclic axial load and steady internal pressure.  The effects of maximum effective stress, stress ratio and 
steady state stress on the biaxial strain accumulation were discussed.  A number of investigators discussed 
experimental or numerical study of ratcheting, induced by reversed bending, of pressurized straight pipes made of 
carbon steel or stainless steel.  The uniaxial and biaxial ratcheting characteristics of SA 333 Gr. 6 steel have been 
investigated at room temperature by Kulakarni et al. [6].  It was observed that ratcheting would occur in 
circumferential direction for a pipe subjected to constant internal pressure and cyclic bending load with no 
ratcheting in longitudinal direction.  The rate of ratcheting was observed to be higher at high load levels and the 
same decreased with the increase in number of stress cycles.  Hassan et al. [7] improved the ratcheting analysis of a 
piping component by incorporating an improved cyclic plasticity model, which composed of Armstrong-Fredrick 
hardening rule and Drucker-Palgen plastic modulus equation, in an ANSYS material model subroutine.  
Investigations have been carried out by Suneel et al. [8] on pressurized low carbon manganese steel elbows made of 
SA 333 Gr. 6 steel to understand the ratcheting-fatigue failure.  A significant influence of the ratcheting strain and 
non-relaxing mean stress on the low cycle fatigue life of the material was observed. 
The 2001 ASME Boiler and Pressure Vessel Code, Section III [9] incorporated provisions for reversed dynamic 
loading and ratcheting in the Code.  The allowable primary stress in the piping components, subjected to level D 
service loads, recommended in the code is 3 times Sm, where the value of Sm is the minimum of 2/3 of yield strength 
or 1/3 of ultimate strength of the material.  In this paper, ratcheting behaviour is investigated experimentally for 
pressurized straight stainless steel pipes under reversed four point bending.  These studies are carried out to 
understand the fatigue ratcheting failure mechanism / interactions and to assure the real safety margins vis-à-vis the 
new design rules related to fatigue ratcheting. 
2. Material Properties and Details of Experiments 
2.1. Material properties 
The material used in the present study is SA 312 Gr. TP304 LN stainless steel conforming to ASTM A 312/A 
312 M - 09 standard [10].  Chemical composition of the material is given in Table 1.  The specified values of 
chemical composition as per ASTM A 312/A 312 M - 09 standard are also given in the table.  The yield strength and 
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ultimate tensile strength are 298 MPa and 620 MPa respectively.  The percentage elongation is 45 and the Young’s 
modulus is 195 GPa. 
Table 1 Chemical composition of SA 312 Gr. TP304 LN stainless steel 
Element C Mn P S Si Ni Cr Mo Ti N Nb Cu 
% weight 0.03 1.78 0.024 0.007 0.38 9.11 18.26 0.16 0.004 0.06 0.014 0.23 
ASTM A 312 / 
A 312M - 09 
(max.) 
0.03 2.00 0.045 0.030 1.00 8 - 12 18 - 20 - - 0.10 - 0.16 - - 
2.2. Specimen details 
Ratcheting studies were carried out on four nos. of straight pipes (QCP-RAT-6-L1, QCP-RAT-6-L2, QCP-RAT-
6-L3 and QCP-RAT-6-L4), of 168 mm nominal outer diameter, made of TP304 LN stainless steel.  Average length 
of the pipes was 2800 mm.  The pipe specimens were welded with the end flanges at both the ends.  Figure 1 gives 
the details of a typical pipe specimen.  Two threadolets were provided in the pipe specimens at a distance of 150 mm 
from the centre of the weld, as shown in the figure.  The thickness of the specimens was gradually reduced from the 
normal section to the gauge section by machining over a distance of 250 mm on both sides.  The gauge length was 
200 mm.  Thickness in the gauge length portion was maintained uniform.  Table 2 gives the details of length, outer 
diameter and thickness at gauge section and normal section for all the four pipe specimens.  The circumferential and 
axial lengths of the test or gauge area were divided into twelve (pitch = 30°) and eight (pitch = 25 mm) equal 
segments along the circumferential and longitudinal directions respectively and grid lines were marked.  The 
circumferential grid lines were numbered in sequence from 1 to 12.  Similarly the axial grid lines were marked in 
sequence from ‘A’ to ‘I’; grid line ‘E’ being at the centre of the pipe.  Circumferential lines were also marked at the 
inner and outer span locations of the pipe and named as IS1, IS2, OS1 and OS2.  Two more circumferential lines, 
NS1 and NS2, were marked at locations 125 mm away from IS1 and IS2 and towards the centre of the pipe.  Initial 
thickness of the specimens was recorded at all grid points in the gauge section and at IS1, IS2, OS1, OS2, NS1 and 
NS2 locations using a thickness measuring gauge which works on Ultrasonic Technique (UT). 
1050 250 200 250 1050
150
Threadolet 12.5 Dia
Welded joint
139.7
12.0
14.3
IS1
IS1
IS2
IS2
OS1
OS1
OS2
OS2
NS1
NS1
NS2
NS2
Al Figure not to scalel dimensions are in mm.
Fig. 1 Typical specimen details
Table 2 Dimensions of test specimens 
Thickness  
(mm) Specimen 
No.
Specimen ID Length (mm) 
Outer
diameter  
(mm) 
Gauge
section
Normal 
section
1 QCP-RAT-6-L1 2800 168.40 12.34 14.75 
2 QCP-RAT-6-L2 2800 168.40 12.06 14.34 
3 QCP-RAT-6-L3 2800 168.40 12.71 14.93 
4 QCP-RAT-6-L4 2800 168.40 13.09 15.28 
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2.3. Experimental set-up 
All the tests were conducted using a ±1000 kN capacity ‘Instron’ make servo-controlled electro-hydraulic 
actuator.  The pipe specimens were simply supported over pedestals.  Upward movement of the pipes at the two 
support points was arrested by placing a stiffened plate over the pipes and holding it down using high strength tie 
rods which were connected to the supporting pedestal.  A rigid steel distribution beam was fixed to the piston end of 
the actuator and the same was used to apply two point loading on the pipe specimen.  The distribution beam was 
supported on steel curved blocks at the two loading points, with rollers in between; this arrangement ensured smooth 
transfer of load to the pipe specimen without any local denting.  The pipes were held to the load distribution beam 
using rigid plates at the top of distribution beam and below the pipe and connecting these plates using high strength 
tie rods.  The inner and outer spans were 900 mm and 2000 mm respectively; the inner span is the distance between 
the two load application points and the outer span is the distance between the two supports.  Figure 2 shows the 
schematic of the test set-up arrangement. 
The pipes were filled with water using one of the two threadolets and pressurized to 35 MPa.  The pressure was 
maintained using an automatic high pressure hydraulic pump.  The pressure pump was connected to an air 
compressor, which gives the air pressure.  In addition to the pressure gauge in the hydraulic pump, an additional 
pressure gauge was connected to the second threadolet for monitoring the internal pressure.  Sixteen numbers of two 
element rectangular post-yield rosette strain gauges were mounted at locations B-1, B-4, B-7, B-10, E-1, E-4, E-7, 
E-10, H-1, H-4, H-7, H-10, NS1-4, NS1-10, NS2-4 and NS2-10.  One element of the strain gauge was aligned in the 
circumferential direction of the pipe to measure the hoop or circumferential strain and the other element was aligned 
in the axial direction or longitudinal direction of the pipe to measure the axial or longitudinal strain.  In order to 
measure the change in the circumference at the gauge length portion, ovality measurements were continuously 
obtained using ovality set-up.  The ovality set-up consisted of an ovality ring and four LVDTs (Linear Variable 
Differential Transformer).  In addition to ovality set-up, specially made bent clips were also fixed at two locations to 
the straight pipe to capture the ovalization effect.  One bent clip was used in the horizontal direction and the other in 
the vertical direction.  The bent clips consisted of two steel plates, two strain gauges were fixed on each of these 
plates, and this arrangement was used to record ovalization by averaging the measured strain.  Three LVDTs were 
arranged at the bottom of the specimen, one at the centre of the specimen and two at the inner span locations, to 
measure the pipe deflection.  The applied load and load-line displacement were obtained directly through the in-built 
load-cell and LVDT in the actuator.  Details of the experimental set-up with the LVDTs, ovality set-up, bent clips 
and the loading arrangement are shown in Figs. 3 (a) and (b).  The measurements from the strain gauges, ovality set-
up and bent clips were acquired through MGC Plus data acquisition system.  The data acquisition system was in turn 
connected to a computer interface to monitor the data continuously. 
LVDT1
LVDT2
LVDT3
Ovality
ring
Bentclip
P
Pipe
specimen
Figure not to scale 
Fig. 2 Ratcheting test set-up 
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(a) (b)
Fig. 3 (a) Ratcheting test on 168 mm OD stainless steel pipe; (b) Close-up view of instrumentation during ratcheting test 
2.4. Ratcheting tests 
The pipes were subjected to steady internal pressure and cyclic bending load, and the tests were performed under 
various loading details.  All the tests were conducted using four point cyclic bending arrangement under 
displacement control.  The test methodology adopted is expected to establish ratcheting behaviour of straight pipes 
in actual structures.  Prior to the actual fatigue ratcheting tests, trial tests were carried out on all the pipe specimens 
with and without pressure under cyclic bending load.  The cyclic displacements applied during the trial tests were 
limited to ±3 mm so that the strains in the specimens were well below the elastic limit.  The trial tests were carried 
out to evaluate the stiffness of the system and also to ensure proper functioning of all the instruments and 
arrangements such as strain gauges, LVDTs, ovality set-up, bent clips etc. 
The maximum and minimum cyclic displacements during ratcheting test on the specimen QCP-RAT-6-L1 were 
±17 mm up to 625 cycles, followed by ±24 mm till the end of the test.  The internal pressure was 30 MPa initially 
and was increased to 35 MPa after 635 cycles of loading and the same was maintained till the end of the test.  The 
rate of loading was one cycle in four minutes up to 40th cycle, followed by one cycle in three minutes till 60th cycle, 
one cycle in two minutes till 375th cycle, and one cycle per minute till the end of the test.  The cyclic displacements 
during the ratcheting test on the specimen QCP-RAT-6-L2 were ±45 mm for the first four cycles.  The values were 
gradually reduced at various intervals of cycles and the displacements were ±22.5 mm from 71st cycle to the end of 
test.  Figure 4 gives loading history details during ratcheting test on the specimen QCP-RAT-6-L2.  The 
displacement values were varied from ±25 mm to ±40 mm for the specimen QCP-RAT-6-L3, and ±31 mm to 
±33 mm for the specimen QCP-RAT-6-L4.  In general, for all the specimens except the first, the rate of loading was 
maintained at one cycle in six minutes during the initial fatigue cycles and was increased to one cycle per minute 
towards the end of the tests. Change in frequency has no effect on the rate of ratcheting and is found to depend only 
on stress amplitude and stress history [6].  The internal pressure was maintained as 35 MPa in these three specimens.  
During the tests, load, load-line displacement, strains at various locations, deflections at three locations and ovality 
were continuously monitored.  Thickness measurements were also made at various grid points in the gauge length 
region at regular intervals of loading using UT.  Figure 5 shows the load versus load-line displacement pattern from 
0 to 60 cycles during ratcheting test on the specimen QCP-RAT-6-L2.  The number of cycles to first through-
thickness crack was monitored. 
Strain gauges 
Ovality set-up
Bent clip 1
Bent clip 2 
Stiffened plate 
Supporting pedestal 
Curved block 
Distribution beam 
LVDT
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Fig. 4 Load history details for QCP-RAT-6-L2 Fig. 5 Load versus load-line displacement pattern in QCP-RAT-6-L2 
3. Results and Discussion 
Table 3 gives details of the displacement applied during the loading cycles, maximum load range, internal 
pressure and number of cycles to first through-thickness crack and final failure for the four ratcheting tests carried 
out.  The number of cycles to first through-thickness crack was 1203, 741, 98 and 232 for the specimens QCP-RAT-
6-L1, -L2, -L3 and -L4 respectively.  The first through-thickness crack was indicated by a sharp water jet in all the 
specimens.  The first through-thickness was observed in the gauge length portion, at the centre of the specimen, in 
the case of the first three specimens and adjacent to one of the loading points in the case of the last specimen.  The 
tests were continued further even after the first through-thickness crack was observed, except in the case of the 
specimen QCP-RAT-6-L4.  In the case of specimen QCP-RAT-6-L1, second through-thickness crack was observed 
after completion of 1225 cycles, in the gauge length portion, diametrically opposite to the first through-thickness 
crack.  In the case of specimen QCP-RAT-6-L2 the through-thickness crack grew further and the specimen failed 
after completing 833 cycles.  The specimen QCP-RAT-6-L3 failed at 106 cycles. 
Table 3 Details of test parameters and results of fatigue ratcheting tests 
Specimen ID Number of cycles 
Applied
load-line
displacement 
(mm) 
Maximum 
load range (kN) 
Steady
internal
pressure
(MPa) 
Number of cycles to 
first through-
thickness crack 
Number of 
cycles to final 
failure
1 - 625 ± 17.0 mm 837
626 - 635 953
30
QCP-RAT-6-L1 
636 - 1249 
± 24.0 mm 
1156 35
1203 1249
1 - 4 ± 45.0 mm 972
5 - 6 ± 40.0 mm 1032
7 ± 35.0 mm 1049
8 ± 30.0 mm 1046
9 ± 25.0 mm 1003
10 - 20 ± 20.0 mm 959
21 ± 25.0 mm 987
22 - 31 ± 30.0 mm 1098
32 - 70 ± 25.0 mm 1063
QCP-RAT-6-L2 
71 - 833 ± 22.5 mm 1048 
35 741 833 
1 - 32 ± 37.5 mm 1289
33 - 42 ± 39.0 mm 1328
43 - 98 ± 40.0 mm 1393
99 - 103 ± 25.0 mm - 
QCP-RAT-6-L3 
104 - 106 ± 35.0 mm - 
35 98 106 
1 - 75 ± 31.0 mm 1240
76 ± 32.5 mm 1293QCP-RAT-6-L4 
77 - 232 ± 33.0 mm 1365 
35 232 - 
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Ovality measurements were taken continuously at four locations along the circumference of the pipe.  Figure 6 
shows ovality measurements versus the number of cycles for the specimen QCP-RAT-6-L3 and the locations of 
LVDTs in the ovality ring.  Maximum ovality measured was 14.51 mm at the location 2.  The ovality of the pipe 
gradually increased at all the locations with increase in number of cycles.  The percentage increase in diameter as 
observed from the bent clip 1, which was fixed at 40 mm away from the circumferential grid line ‘A’ (Fig. 3) was 
about 16.  Figure 7 gives the percentage increase in diameter with respect to number of cycles for the specimen 
QCP-RAT-6-L3, based on the bent clip 1 readings.  Similar trend was observed in the other three pipe specimens 
also.  All the pipes exhibited significant ratcheting in the circumferential direction.  Variation of longitudinal and 
circumferential strains at different grid points in the gauge length portion is given in Figs. 8 (a) to (d).  Figure 9 
shows the variation of circumferential strain with respect to the number of loading cycles.  The strain accumulation 
was large in the gauge length portion and reduced substantially towards the main pipe outside the gauge length and 
beyond.  Strain accumulation was also observed in the longitudinal direction.  Typical variation in the longitudinal 
strain with respect to the circumferential strain is presented in Fig. 10.  It is observed that the accumulation of strain 
in the circumferential direction continued till the failure of the pipe, whereas the strain in the longitudinal direction 
remained almost constant after some cycles. 
E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
LVDT1
LVDT2
LVDT3
LVDT4
10
30
25
20
Ovality
ring
Pipe specimen
QCP-RAT-6-L3 
(a) (b)
Fig. 6 (a) Ovality measurements versus number of cycles; (b) Locations of LVDTs for ovality measurements 
Fig. 7 Percentage increase in diameter versus number of cycles 
S. Vishnuvardhan et al. / Procedia Engineering 2 (2010) 2209–2218 2215
8 S. Vishnuvardhan et al. / Procedia Engineering 00 (2010) 000–000 
Fig. 8 Variation of strain with numb  of cycles 
(a)
L: Longitudinal; C: Circumferential 
QCP-RAT-6-L3 
(b) 
L: Longitudinal; C: Circumferential 
QCP-RAT-6-L3 
(c)
L: Longitudinal; C: Circumferential 
QCP-RAT-6-L3 
(d) 
L: Longitudinal; C: Circumferential 
QCP-RAT-6-L3 
er
Fig. 9 Circumferential strain versus number of cycles Fig. 10 Longitudinal strain versus circumferential strain
The variation of deflection along the length of the pipes during the ratcheting tests was obtained using the LVDT 
measurements.  Figure 11 gives load versus deflection curves for the specimen QCP-RAT-6-L3.  Figure 12 shows 
the occurrence of first through-thickness crack indicated by a sharp water jet.  At the end of each test, thickness of 
the pipe in the gauge length portion was measured at all the grid points.  Circumferential length of the pipe in the 
gauge length portion was also measured along all the circumferential grid lines.  Local bulging (ballooning), 
ovalization and consequent thinning of the pipe cross-section were observed due to fatigue ratcheting.  The final 
deformed shape of the gauge length portion of pipe QCP-RAT-6-L4 is shown in Fig. 13.  The deformed shape was 
obtained by measuring the circumferential length at every 10 mm.  The ballooning measured as increase in 
circumferential length was found to be varying from 13% to 19% with respect to the original diameter.  The 
percentage reduction in thickness varied from 8% to 16%.  Table 4 gives the details of percentage reduction in 
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Fig.  jet 
Fig. 13 Final deformed shape of the gauge length portion of pipe QCP-RAT-6-L4 
Table 4 Details of thickness reduction and ballooning due to fatigue ratcheting 
Specimen ID Ballooning (%) 
thickness and percentage of ballooning at the end of the ratcheting tests.  The values shown in the table are the 
averaged values over the gauge length portion of the respective specimen. 
Fig. 11 Load versus deflection curves  12 Indication of first through-thickness crack by sharp wat
Water jet 
QCP-RAT-6-L3 
er
Figure not to scale 
Reduction in 
thickness (%) 
QCP-RAT-6-L1 11.26 18.94 
QCP-RAT-6-L2 7.96 13.39 
QCP-RAT-6-L3 15.50 19.01 
QCP-RAT-6-L4 16.27 17.15 
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4. Conclusions 
Ratcheting behaviour of TP304 LN stainless steel straight pipes at room temperature were investigated 
experimentally.  The pipes having 168 mm nominal outer diameter were subjected to steady internal pressure and 
cyclic bending load.  Based on the experimental results the following conclusions are drawn. 
Accumulation of strain was observed both in the circumferential as well as longitudinal directions of the pipes.  It 
was observed that the accumulation of strain in the circumferential direction persisted till the failure of the pipe, 
whereas the strain in the longitudinal direction has remained almost constant after some cycles.  The ratcheting 
strain was more in the centre of the pipes and reduced substantially towards the main pipe outside the gauge length 
and beyond.  Continuous ratcheting was observed with no shakedown effect during the ratcheting experiments on 
the pipes.  The pipes experienced significant ovalization and ballooning during ratcheting.  The ballooning was 
found to be varying from 13% to 19% with respect to the original diameter in the gauge length portion.  The 
percentage reduction in thickness varied from 8% to 16%.  These ratcheting studies on pressurized piping 
components of power plants give valuable inputs necessary for designing the components and assuring the integrity 
of pressure boundary under design basis loads such as loads arising during an earthquake event. 
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